A Raoult's law-based screening-level assessment methodology was developed to calculate the carcinogenic and noncarcinogenic risks from ingestion of coal tar-contaminated water and it was applied to ten coal tars obtained from sites in the eastern United States. This approach provides a simple risk screening based on the conservative assumptions of Tier 1 in both the ASTM RBCA methodology and the USEPA Soil Screening Guidance. Results across the ten tars exhibited similar patterns, even though the coal tars had significantly different chemical compositions, and in all cases the screening-level risks were above the USEPA thresholds. There was no appreciable difference in the total risks when using either the current USEPA 1993 PAH risk assessment guidance or the proposed 2010 guidance. Benzene, while present at low concentrations within the coal tars, posed the dominant risk and strong correlations were observed with the benzene mole fraction.
Introduction
The manufactured gas process was widely used throughout the United States and Europe from the early-1800's through the mid-1900's [1] [2] [3] [4] [5] [6] [7] . This process involves heating materials such as coal, oil or wood in the absence of oxygen and capturing the gas that is released. The manufactured gas produced from this process was used for heating, cooking, and lighting. It had a tremendous impact on the quality of life and was a key contributor to the industrial revolution [7] . The manufactured gas industry began to decline upon the development of natural gas and electrical energy [7] and these manufactured gas plants (MGPs) have subsequently been razed. These former MPG sites, many of which are now often owned by either utility companies or municipalities, are often located adjacent to residential areas and many have new structures built on top of them. The exact number of former MGP sites is unknown, but estimates in the United States alone range from 1500 [3, 5] to over 32,000 [2] . Except for the environmental professionals and local residents dealing with its aftermath, the manufactured gas industry is today largely forgotten by the general public.
Coal was the most commonly-used material by the manufactured gas industry [7] and a byproduct of the gasification process is a dense non-aqueous phase liquid (dense NAPL, or DNAPL) typically referred to as coal tar. Coal tar is composed of hundreds to thousands of organic compounds, mostly polycyclic aromatic hydrocarbons (PAHs) [8] [9] [10] . As a bulk material, coal tar properties vary widely, with reported average molecular weights ranging from 230 to 3213 g/mole and viscosities ranging from free-flowing to a semi-solid state [11, 12] . Additionally, the physical and chemical properties of the individual constituents that make up coal tar span many orders of magnitude [13] [14] [15] (see Table 1 ). A result of these wide ranges of bulk and constituent properties is that coal tar DNAPL is difficult to remediate once released into the environment and it tends to persist for a long time [1, 16, 17] .
Due to past handling and storage practices, it is be- lieved there is residual coal tar at most former MGP sites [1, 2, 5, 6, 17] and this coal tar is a long-term source of contamination to groundwater supplies. This contamination is of concern as the U.S. Environmental Protection Agency (USEPA) and the National Institute of Environmental Health Sciences have classified a number of PAHs as probable human carcinogens [18] [19] [20] . Benzene, a known human carcinogen [18, 20] , is also typically found in coal tars. In addition to the carcinogens, coal tar also contains a number of monocyclic aromatic hydrocarbons (MAHs) and PAHs that are known to have toxic health effects [20] . The toxic and carcinogenic MAHs and PAHs commonly found in coal tars are presented in Table 2 .
Given the large number of potential coal tar contaminated sites, there is surprisingly a dearth of information on coal tar risk assessments. An animal study was performed on carcinogenic effects of composite mixtures of several coal tars directly fed to mice [21] . These coal tar mixtures had a high concentration of Benzo(a)pyrene (BaP), which is a suspected human carcinogen [18] [19] [20] , and the calculated slope factor was in agreement with the USEPA slope factor for BaP [21] . There are only a few published human health risk assessments of coal tar. Two studies examined risks due to consumption of groundwater contaminated by hypothetical coal tars [13, 15] and a third focused on surface water and soil exposure risks on five selected hydrocarbons at a coal-tar contaminated site. While this latter study used field data, only one of the selected compounds was carcinogenic and the surface water was not used for consumption or irrigation [22] . Other than this one limited study, there is no readily available information in the literature on risk assessments of actual coal tar field samples, nor is there any information on how the composition of coal tar impacts human [20] .
health risks. Assessment of human health risks imposed by environmental contaminants typically follows the four-step process formalized in 1983 by the National Research Council [23] and the end result is a baseline assessment of health risks in the absence of any remedial action. Risk assessment is often performed in conjunction with the process of risk management, which involves remediation of the environmental contaminants to risk-based concentration levels. developed to combine these processes, including the ASTM Risk-Based Corrective Action (RBCA) process [24, 25] and the USEPA Soil Screening Guidance (SSG) [26, 27] . The RBCA and SSG processes both use similar three-tiered approaches. Tier 1 is a simple screening process that uses conservative exposure assumptions, such as direct ingestion of water at chemical equilibrium with the source contaminants (e.g., coal tar), and this provides a conservative means to identify contaminants of potential concern and to remove from consideration sites that pose no health risks. The latter two tiers involve more site-specific fate and transport modeling, with Tier 2 involving simple analytical models and Tier 3 typically consisting of extensive numerical modeling. While the RBCA and SSG processes were not specifically developed for scenarios where NAPLs such as coal tar are present, their approaches do not preclude investigation of NAPLs as long as specific NAPL processes are accounted for in the analysis [11, 13, 26, 27] . For coal tars, one key process that must be accounted for is the effects of coal tar composition on the apparent solubility of the individual constituents, which is typically modeled via application of Raoult's law [11, 13, [28] [29] [30] .
The purpose of this paper is to develop and apply a Raoult's law-based Tier 1 screening approach, to use it to provide insight into the environmental risks posed by coal tar contamination of groundwater, and to examine how compositional differences in coal tars may impact human health risks. This study uses field data from ten coal tar samples obtained from former manufactured gas plants in the eastern United States, with the tars exhibiting a wide range of chemical compositions. The car-cinogenic and toxic risks to human health from ingestion of coal tar-contaminated groundwater were evaluated following the Tier 1 assumptions in the ASTM RBCA and USEPA SSG methodologies, with coal tar composition accounted for by using a Raoult's law-based approach. It should be noted that the USEPA is currently revisiting its 1993 guidelines for risk assessment of PAHs [19, 31] and both the 1993 guidelines and the 2010 draft technical document were applied and assessed in this study. The results from the ten coal tars were then used to perform a comparative assessment of the risks and this provided a simple correlation of carcinogenic and non-carcinogenic risks to readily-measured properties of the coal tars.
Materials and Methods

Coal Tars
Ten coal tar samples from nine former MGP sites in the eastern United States were used for this study. These samples ranged from free-flowing coal tar with apparent viscosities near that of water to thick, taffy-like coal tar that did not flow readily under the force of gravity. Detailed physical and chemical analyses of the ten coal tars are provided elsewhere [11, 32] . The coal tar chemical compositions of relevance to this study are provided in Table 3 and the average molecular weights of the coal tars are provided in Table 4 .
Risk Assessment Methodology
The risk assessment methodology used here is based on human consumption of water in chemical equilibrium with the coal tar. This is the initial screening approach used in tiered methodologies, including the ASTM RBCA methodology [24, 25] and the USEPA SSG process [26, 27] . When considering water contaminated by dissolved coal tar constituents, the dose of constituent itaken up by a human drinking the contaminated water, Dosei (mg/kg-d), is defined as [33, 34] :
where C i aq is the aqueous concentration of coal tar constituent i (mg/L); Ir is the ingestion rate (L/d); Ef is the exposure frequency (d/yr); t ed is the exposure duration (yr); Bw is body weight (kg); and At is the averaging time (yr). When actual values for the exposure parameters are unavailable, the USEPA recommends standard values to be used in drinking water risk assessments. For adults, these values are 2 L/d for ingestion rate, 350 d/yr for exposure frequency, 30 yrs for time of exposure, and 70 kg for body weight [26, [33] [34] [35] [36] . The averaging time depends on the type of risk assessment. For carcinogenic risks it is equal to 70 yrs and for non-carcinogenic risks it is equal to the exposure duration [33] [34] [35] [36] [37] .
When considering carcinogenic risks, a probabilistic approach is applied where the incidence, but not severity, of the cancer increases with dose and this is typically represented with a linear model relating dose to risk. With this formulation, the carcinogenic risk of component i, Risk i (unitless), is defined as [33, 37] :
where SF i is the slope factor of component i (kg-d/mg). The USEPA maintains a database of slope factors for known and suspected carcinogens in the Integrated Risk Information System (IRIS) database [20] . Slope factors for the carcinogenic aromatic hydrocarbons are provided in Table 1 . The carcinogenic risks of PAHs are complicated by the fact that while seven PAHs are listed by the USEPA as probable human (B2) carcinogens (Table 2) , a slope factor has only been defined for benzo[a]pyrene BaP) [19, 20] . ( To provide guidance for carcinogenic risks for the PAHs that do not have slope factors, the USEPA developed relative potency factors that relate their doses to an equivalent BaP dose and then applies the BaP slope factor to those compounds [19] . This approach assumes similar modes of action by the PAHs and is considered a "dose additive" approach [16] . The BaP equivalent dose of component i is defined as:
where PF i is the relative potency factor of component i. 
The equivalent benzo[a]pyrene risk is then the sum of the individual B2 PAH risks: The approach taken for non-carcinogenic compounds considers the severity of the toxic response to increase with dose above a certain threshold dose, called the Reference Dose, and below this threshold there is no toxic effect. The severity of the toxic response is represented by the Hazard Quotient, HQ i (unitless), which is the ratio of the ingested dose to the Reference Dose [33] :
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where RfD i is the Reference Dose for component i(mg/kg-d). Current Reference Doses can be found in the USEPA IRIS database [20] , and those for aromatic hydrocarbons present in coal tar are provided in Table 1 . For chemical mixtures, the approach currently recommended by the USEPA for combining the risks depends on the similarity of the chemicals [16, 33] . For those chemicals which are toxicologically similar the "dose additive" approach is used and here the risks are added together. PAHs are an example of this for carcinogenic chemicals and the dose additive approach is used in Equations (3)-(5).
For carcinogenic chemicals that are toxicologically independent, the "response additive" approach is used, where the responses, rather than the doses, are summed. For exposure to multiple carcinogenic chemicals with independent modes of action, the response additive approach is defined by the probabilistic expression [16] :
For coal tar, the benzene and benzo[a]pyrene carcinogenic effects are independent [20] (see Table 2 ). Then following Equation (7), the total carcinogenic risk is:
For total risks < 0.1 Equation (8) is well approximated by [33] eq Total Risk BaP Risk Benzene Risk  
which is a form that has been used in earlier studies [13, 15] . For chemical mixtures with similar toxicological effects, the total non-carcinogenic risk is calculated as the Hazard Index, HI, which is defined as the sum of the individual Hazard Quotients [16, 33] :
When the chemical mixture contains chemicals having different toxicological effects, the USEPA recommends developing a separate Hazard Index for each effect [16, 33] . With the exception of benzene, the health effects of the toxic compounds in coal tar were assessed through animal studies and the level of confidence in the data is relatively low ( Table 2) . Because of this uncertainty, a conservative approach was used in this study, where a single Hazard Index was calculated for all the toxic compounds, and this approach has been deemed appropriate by the USEPA for screening level studies [33] .
Raoult's Law Aqueous Solubility
The dose calculated via Equation (1) is a direct function of the aqueous concentration of each coal tar constituent. When considering a multi-component NAPL, such as coal tar, at chemical equilibrium with water, it is important to know that the various coal tar constituents are not present in the water at their aqueous solubility. Rather, they are present at their Raoult's law solubility [8, 11, 13, [28] [29] [30] 38] , which can be written as:
where χ i is the mole fraction of component i in the coal tar;
i sol C is the aqueous solubility of component i(mg/L); and FR i is the solid/liquid reference fugacity ratio of component i. Fugacity ratios can be obtained from the literature [14] or calculated as outlined in Peters and Luthy [8] . The mole fraction of component i can be written as [11] :
where is the concentration of component i in the the ten coal tars. The carcinogenic risks ranged from ~10 −7 for chrysene (1993 guidelines) and benzo[g,h,i]perylene (2010 draft guidelines) to ~10 −2 for benzene. The risks across the ten coal tars exhibited very similar patterns, even though the coal tars had significantly different chemical compositions (Table 3 ) and average molecular weights ( Table 4) . Benzene by far presented the highest carcinogenic risk for all the coal tars, followed by BaP, fluoranthene, and indeno[1,2,3-c,d ]pyrene, While the trends were the same for all the coal tars, the total carcinogenic risks (Equation (8)) showed variations of over an order of magnitude between the ten tars ( Table 4) . The total risks ranged from 1.6 × 10 −3 to 3.7 × 10 −2 and in all cases the total risks from this screening-level analysis were well above the EPA threshold of 10 −4 [33, 36] .
coal tar (g/g); MW i is the molecular weight of component i (g/mole); and ct MW is the average molecular weight of the coal tar (g/mole).
Raoult's law has been shown to accurately represent behavior of aromatic hydrocarbons from coal tar NAPL [28] [29] [30] 38] . Thus, given component concentrations and the coal tar average molecular weight, Equations (1) through (12) provide a means to calculate the risks from drinking water that is in chemical equilibrium with the coal tar. This approach provides a simple risk screening process based on the standard exposure assumptions of Tier 1 in both the ASTM RBCA methodology [24, 25] and the USEPA Soil Screening Guidance [26, 27] . The resulting carcinogenic risk and non-carcinogenic hazard index can then be used to assess if remediation or further site-specific fate and transport studies are warranted.
Taking a closer look at the data in Tables 1 and 3 , it may be expected that BaP would pose a higher risk that benzene. This is because 1) the BaP concentrations in nine of the ten coal tars were larger than the benzene concentrations ( Table 3 ) and 2) the BaP slope factor is two orders of magnitude greater than that for benzene (Table 1). In fact, if the coal tar was ingested directly, BaP
Results and Discussion
Carcinogenic and Non-Carcinogenic Risks
Individual carcinogenic risks for benzene (Equation (2)) and the PAHs (Equation (4)) are shown in Figure 1 for 8 would have the larger carcinogenic risk. This result was found in a study where coal tar was directly fed to mice and the experimentally-derived coal tar slope factor was very similar to that of BaP [21] .
However, in the current study, coal tar is not being directly ingested; rather it is water contaminated by the coal tar that is being ingested. In this case, the aqueous concentration drives the risk, not the specific concentration of an individual chemical within the coal tar, and for these coal tars the equilibrium aqueous concentration of benzene is significantly higher than those for BaP. For example, while the BaP concentration in coal tar 1 (678 mg/kg) is an order of magnitude greater than that of benzene (47.5 mg/kg), the Raoult's law aqueous solubility of benzene (2.3 mg/L) is four orders of magnitude greater than that of BaP (0.0008 mg/L). It is the Raoult's law aqueous solubility that ultimately drives the risk and this is why the carcinogenic risks for benzene were approximately two orders of magnitude higher than those for BaP.
Similar results are seen in Figure 2 with the Hazard Quotients (Equation (6)) for each of the ten coal tars. The Hazard Quotients span four orders of magnitude, ranging from ~0.01 for anthracene to ~100 for benzene, and as with the carcinogenic risks, the patterns were very similar across the ten coal tars. Benzene provided the dominant risk, followed by naphthalene and 2-methylnaphthalene as major contributors. The Hazard Indices for the ten coal tars were then calculated using Equation (10) and the results are presented in Table 4 . As seen in this table, the hazard indicies varied over an order of magnitude, ranging from 54.5 to 453 and all were well above the USEPA threshold of one [33, 36] .
Comparison of 1993 and 2010 Guidelines
For this study, the relevant differences between the USEPA's 1993 guidelines and 2010 draft technical document are the inclusion of two additional PAHs with potency factors (fluoranthene and benzo[g,h,i]perylene) and increased potency factors for most of the PAHs. With regards to the latter, the largest increases were with chrysene (two orders of magnitude) and dibenz-[a,h]anthracene (one order of magnitude). The impacts of these changes on the carcinogenic risks of the individual compounds are summarized in Figure 3 , which shows the geometric mean of the risks across the ten coal tars for each compound. Most notable is the inclusion of fluoranthene, where it has the second-highest carcinogenic risk with the 2010 draft guidelines. While there are large increases in some of the individual risks with the 2010 draft guidelines, there is very little difference in the total carcinogenic risks between the 1993 guidelines and 2010 draft guidelines between the coal tars ( Table 4) . This is because benzene is the dominant contributor, with approximately a two order-of-magnitude greater risk contribution as compared to the individual PAHs.
Relationship of Risks to Coal Tar Properties
Given the similarities in carcinogenic risks and non-carcinogenic Hazard Indices observed for the individual constituents across the ten coal tars (Figures 1 and 2) , an analysis was performed to determine if there were any correlations of the total carcinogenic risk and Hazard Index ( Table 4 ) with coal tar properties. However, no correlations were found with either the coal tar average molecular weight or with any of the concentrations of the individual constituents in the coal tars (Table 3) , such as benzene or naphthalene.
The risks from ingestion of water in chemical equilibrium with coal tar are a function of the Raoult's law aqueous solubility of the individual components, which in turn are a function their mole fractions in the coal tar. Because of this relationship, strong correlations were found between the benzene mole fraction (Equation (12)) and both the total carcinogenic risk (R 2 > 0.998) and the Hazard Index (R 2 = 0.964). These correlations with the benzene mole fraction are depicted in Figure 4 , and similar correlations can also be derived with the benzene aqueous concentration, which is a direct function of the mole fraction via Raoult's law (Equation (11)). No additional correlations were observed with the mole fractions of any other individual constituents. When plotted as a function of the benzene mole fraction, the carcinogenic risk (Figure 4) shows a near-zero intercept, indicating that the carcinogenic risks of these ten coal tars are dominated by benzene. In contrast, the Hazard Index has a non-zero intercept, and this is due to the relative contributions of naphthalene and 2-methylnaphthalene becoming larger as the benzene mole fraction decreases. This impact of the benzene mole fraction results in the total carcinogenic risk and Hazard Index being highly correlated for the ten coal tars examined here, and this relationship is shown in Figure 5 .
Summary and Conclusions
The Raoult's law-based method developed in this study provides a rapid means to perform a Tier 1 screeninglevel risk analysis of coal tar contamination to groundwater. By applying this method to ten different coal tars, it was shown that the risk contributions by the individual compounds within the coal tars showed a very consistent trend among the ten tars (Figures 1 and 2) . Benzene dominated the risks, even though its mole fraction in the coal tars was much lower than the other compounds, most notably benzo(a)pyrene. This is due to the high Raoult's law solubility of benzene and it resulted in benzene having both a two order-of-magnitude greater carcinogenic risk and a one order-of-magnitude greater Hazard Quotient than any of the other compounds. Because of this, there were strong correlations between benzene mole fraction and both the carcinogenic risk and Hazard Index (Figure 4) . These relationships provide a rapid means to estimate the overall Tier 1 (screening-level) risk posed to groundwater by coal tar.
Comparison of the current and draft USEPA PAH carcinogenic risk assessment guidance documents showed that the 2010 draft technical document potency factors result in a higher risk for the PAH's in the coal tar (Figure 3) . This was especially pronounced for fluoranthene, which is not included in the 1993 guidance document. However, when considering the overall Tier 1 carcinogenic risk from the coal tars, there was very little difference between the 1993 and 2010 draft guidelines due to the dominance of benzene (Table 4) .
Finally, it was shown the total carcinogenic risk and Hazard Index were well above the USEPA thresholds of 10 -4 and one, respectively, for all ten coal tars, indicating that the presence of coal tar in the subsurface has the potential to result in significant human health risks.
